Abstract. We study the electromagnetic response of anisotropic eutectic metamaterials, consisting in cylindrical polaritonic LiF rods embedded in a KCl host. The reflectance of samples was obtained by measuring the specular reflectance at far infrared. Modeling the eutectic materials and solving numerically Maxwell equations, we obtained simulated reflection. In addition of simulated and experimental data, we considered the reflectance expected from simple effective response functions models, obtaining a good agreement between all three sets of data. From the effective response functions models, we obtain a range of frequencies in which the system behaves as a homogeneous effective anisotropic media, with a hyperbolic dispersion relation, opening possibilities for negative refraction and focusing.
INTRODUCTION
Metamaterials are engineered composites that possess novel electromagnetic properties not observed in their constituent materials. Such materials have attracted attention because of their unusual properties as negative refractive index, [1] [2] [3] [4] [5] giant dielectric constant, 6 permittivity close to zero 7 , near-field focusing and subwavelength imaging. 8 Despite the rather rapidly development of the electromagnetic theory and simulation in the metamaterial field, the metamaterial samples are manufactured by difficult and time-consuming methods with limited possibilities, limiting the scope of possible applications. However, one promising way to overlap these limitations is the use of self-organized materials, such as directional solidification eutectics. 9 Materials obtained through this method present very high anisotropy and can be obtained in large macroscopic pieces.
It has been shown 8 that a particular anisotropic medium that possess a negative dielectric permittivity component ε ⊥ along the direction perpendicular to the interface, while the other dielectric permittivity ε || remains positive, as well as the magnetic permeability, has a hyperbolic dispersion relation. This means that subwavelength imaging and focusing can occur also in some uniaxially anisotropic media, which can have lower losses and it will be easier to fabricate.
RESULTS AND DISCUSSION
The studied eutectic samples were fabricated using the Bridgman directional solidification technique, which allows growing a well-ordered and long-size dielectric microstructure. The dimensions of the samples are around one square centimeter for their cross sections and several centimeters long, which assure the possibility of characterizing the samples by standard reflection measurement techniques. The eutectic materials consist of cylindrical polaritonic rods made of LiF, embedded in a KCl host, forming a quasi-hexagonal lattice. The diameters and the separations distances between the rods depends on the extraction pulling rate of the material from the furnace (three-zone Hobersal furnace), ranging the diameters between 0.77µm and 3.1µm, while keeping the volume filling fraction constant at ~6.95%, that is, with a range in separations distances of 2.8-11.2µm (see Table 1 ). Reflectance from the different eutectic samples was measured at both 13° and 30° angles of incidence using a Bruker IFS 66v/S apparatus in a specular reflectance mode, within the far IR region of the electromagnetic spectrum: 20-100 µm (3-15 THz). The reflectance of both polarizations, parallel and perpendicular to the main axis of cylinders, was measured.
The eutectic samples were simulated using a commercial software (CST Microwave Studio), which solves Maxwell equations in both time and frequency domains. For the numerical calculations, we consider the polaritonic rods as perfect cylindrical rods, that is, with circular cross section. However, there is experimental evidence that the cross section of the rods have a hexagonal-type shape with rounded tips. This effect is more evident in the low pulling rate samples, or greater diameters. These deviations in shape will shift moderately the scattering resonances of the rods to higher frequencies, and consequently blue-shifting the reflection peak of the whole system. Since our aim in this paper is to show the feasibility of characterizing an eutectic sample with simple effective medium theories, which possess a range of frequencies where the dispersion relation is hyperbolic, we will not go into much detail at this respect.
The dielectric permittivities for both polaritonic LiF and KCl materials were taken from Palik 10 . Polaritonic materials are polar crystals, usually made of two or more different kind of atoms arrange in a lattice, that sustain phonon-polariton resonances due to photon induced optical excitation of transverse phononic modes in the crystal. Polaritonic materials can be modeled using a lorentzian model 11 for the dielectric permittivity, given by
where ε 0 = ε(0) and ε ∞ = ε(∞) stand for the asymptotic values of the dielectric permittivity at zero and infinity frequencies, respectively. ω TO denotes the transversal optical phonon frequency and Γ stands for the collision frequency. For LiF, the fitting parameters are ε 0 = 8.705, ε ∞ = 2.027, ω TO = 0.038eV and Γ = 0.0022eV, while for KCl are ε 0 = 4.430, ε ∞ = 2.045, ω TO = 0.017eV and Γ = 0.0065eV.
In Fig. 1 we show a representative case from the eutectic samples studied, in which we plot the reflectance obtained experimentally and numerically, for both polarizations. Measurements of the reflectance at 13° and 30° angles of incidence (red and blue curve, resp.) and simulated reflectance using frequency and time domain calculations (green and magenta curves, resp.), for both polarizations: a) electric field perpendicular and b) parallel, to the main axis of the cylinders. The vertical yellowish regions correspond to the negative parts of the real part of the effective dielectric permittivity, for both polarizations.
In the upper (lower) part of Fig. 1 , we show the reflectance data for a polarization perpendicular (parallel) to the main axis of the cylinders. In red and blue, we plot the experimental reflectance data obtained using 13° and 30° angles of incidence, respectively. We see only one broad peak in the reflectance for the perpendicular polarization (see Fig.  1a) , located between 4.3 and 6.2 THz, while we see two main peaks for the parallel polarization (see Fig.  1b ), located at 4-5.5 THz and 8-9.5 THz. The experimental features seen between 11 THz and 12 THz correspond to a well-known noise problem from the equipment and contain no physics behind. In Fig. 1  a) and b) we include the numerical calculations for both polarizations, both frequency and time domain calculations (green and magenta curves). In Fig. 1 is hard to distinguish the time domain calculations because practically both frequency and time domain calculations coincide for all the frequencies considered. This fact was systematically corroborated for all modeled eutectic samples and gives us confidence about the numerical results. We see that for both polarizations we have a very nice agreement between experimental and simulated data. Actually we observe that, for the polarization perpendicular to the cylinders, there are actually two superimposed reflectance peaks located at around 4.4 THz and 4.8 THz, which are well reproduced by the simulations (see in Fig. 1 a) , the experimental data taken at 13° angle of incidence).
We consider simple effective medium models for the dielectric effective permittivity of the eutectic samples, for both polarizations: Maxwell-Garnett formula ! eff MG for the perpendicular polarization and the so-called simple effective formula ! eff S for parallel polarization. The Maxwell-Garnett formula is given by
where ! Cyl LiF and ! host KCl are the dielectric permittivities of LiF and KCl materials, and f is the volume filling fraction; and the simple effective formula is given by
Since both the dielectric permittivities of LiF and KCl are complex quantities, the effective medium models give us also a complex quantity for the effective dielectric permittivity. Looking at the real part of the effective dielectric permittivities, specifically to those frequency ranges in which it is negative, we can identify the regions where a high reflectance should appear. These regions are denoted in Fig. 1 as yellowish regions.
We see that, for the perpendicular polarization (see Fig. 1a ), we have a nice agreement between the expected position of the reflection peaks from the effective medium models with the experimental and simulated data. For the parallel polarization (see Fig.  1b) , we also see a nice agreement for the peak located at low frequencies (centered around 4.6 THz), that we know corresponds to the reflectance from the KCl bulk (by simply looking at the negative part of the real dielectric permittivity). For the second experimentally peak of reflection, located around 9 THz, the expected reflection peak is between 9.2 THz and 10.4 THz, however the effective models do not take into account the geometry of the inclusions. We know that the intrinsic resonances of the cylinders will red-shift the reflected peak and we already explain that in the real eutectic samples, the rods are not perfectly circular and we have also a dispersion in sizes, that can be responsible for the shift between the simulations and the experimental data.
CONCLUSIONS
We have studied eutectic polaritonic samples, consisting of cylindrical LiF rods embedded in a KCl host. We have measured the reflectance of the samples for both polarizations: perpendicular and parallel to the main axis of the rods, in the THz region. We have compared and obtained good agreement between the experimental data and the numerical calculations performed. We have shown that simple effective dielectric permittivity models can fit the data, and with these models we obtain an anisotropic effective medium, with frequency ranges in which the dispersion relation of the material is hyperbolic, opening the possibility of subwavelength imaging and focusing.
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